Introduction
Van Slyke, Phillips, Hamilton, Archibald, Futcher & Hiller (1943) demonstrated that glutamine was the major immediate source of urinary ammonium. This led Pitts (1948) to a new insight into the relationship of ammoniagenesis to metabolic acidosis. He D* concluded that, in acidosis, H +, generated from carbonic acid in renal tubular cells, combined in acidic urine with ammonia derived from glutamine and were eliminated from the body as NHt, This concept of H + excretion results from the practice of writing the formula of glutamine in the un-ionized form ( Fig. 1) . At physiological pH, however, glutamine is a zwitterion (Fig. 1) . Its metabolism yields NHt as distinct from ammonia. The excretion of this ammonium ion therefore does not result in elimination of H+ from the body. An alternative interpretation of the facts is needed.
As generally represented, the urea cycle itself produces H+. More precisely, at physiological pH, the production of urea from ammonium or amino nitrogen utilizes two bicarbonate ions (Fig. 2) . It therefore seemed important to investigate the effects of acidosis on urea production. Some early workers claimed to have shown that urea production decreases in acidosis (Winterberg, 1918; Steenbock, Nelson & Hart, 1914; Keeton, 1921; Nash & Benedict, 1921) , but on reviewing these reports it is clear that this conclusion cannot safely be drawn because the investigations were subject to uncontrolled nitrogen intake, inadequate experimental design or unsatisfactory methodology. Accordingly we have re-examined the effectsoforal HCI, NH4CI, NaHC03 and NH4HC03 on urea and ammonium excretion in rats on a constant diet and discuss the results in the light of the body's adaptation to metabolic acidosis.
Materials and methods

Rats
Male albino Wistar rats, weighing approximately 200 g, were placed in individual metabolism cages and 2 weeks allowed for acclimatization. They received 10 g of a balanced diet daily and water ad libitum throughout the study. The pre-weighed food was mixed with water (control) or dilute solutions of HCI, NaHC03 , NH4CI or NH4HC03 • Rats whose food intake was incomplete were excluded. Two groups of rats were studied. Group 1. This consisted of eight rats who completed each of the following treatments, in the order stated, for 4-6 consecutive days: NaHC0 3 (2 mmol daily for 6 days), water (6 days), HCI (4 mmol daily for 6 days), HCI (6 mmol daily for 5 days), NaHC0 3 (2 mmol daily for 5 days), NaHC0 3 (4 mmol daily for 4 days), NaHC03 (6 mmol daily for 4 days), water (4 days), NH4CI (4 mmol daily for 5 days). An interval of 3 days was observed between treatments except where the change was only one of dosage. The rats were weighed weekly. Blood samples were obtained by cardiac puncture.
Group 2. This consisted of eleven rats. Three rats served as controls throughout. Of the remainder, half received NH4CI (6 mmol) for 8 days, followed by NH4HC0 3 (6 mmol) for a further 8 days. The converse rotation was used in the other four rats. Urine samples for 24 h were collected in HCI and stored at -20°C.
Analytical techniques
Urea in the first group was measured by the Autoanalyser with diacetyl monoxime. In the second group the method of Chaney & Marbach (1962) was used. Ammonia was measured by the Berthelot reaction (Chaney & Marbach, 1962) . Blood pH and bicarbonate were estimated by the Astrup (Radiometer) technique. Total nitrogen in the food was measured by the Kjeldahl method (Archibald, 1958) .
Statistics
The design model for analysis of variance in group 1 rats was Y'J = u+Tl+RJ+e,J, where Y,j = observed response of the jth rat receiving ith treatment; u = general mean; T , = treatment effect due to the ith treatment; R, = effect attributable to rat j; e'j = random effect of ith treatment on rat i.
Results
The rats maintained constant weight throughout with minimal weekly variation (3'0% ±0·1 SEM; n = 48). The nitrogen content of the diet was 18'5%.
Control 24 h urine volumes averaged 10·59 ml (SEM 0·3; n = 16) and were larger on the experimental days, the greatest increase being observed with 6 mmol HCI: 16·6 ml (SEM 0'2; n = 8).
Group 1
Metabolic acidosis developed in rats recerving HCI, as shown by a decrease in plasma bicarbonate from the control value of 20·6 mmol/l (SEM 1·1; n = 8) to 18·7 mmol/l (SEM 0·9; n = 4) at a dose of 4 mmol HCI, and to 16·7 mmol/l (SEM 1-1; n = 4) at a dose of 6 mmol HCI. Administration of NH4CI also decreased the plasma bicarbonate, to a value of 17·0 mmol/l (SEM 0·5; n = 4). NaHC0 3 (2 mmol daily) caused a rise in plasma bicarbonate to 21·0 mmol/I (SEM 0·5; n = 4), which rose further to 24·7 mmol/l (SEM 1·0; n = 4) with NaHC0 3 6 mmol daily.
The results of analysis of variance demonstrated no significant difference between the response of the individual rats (P> 0'05). There was a highly significant difference due to treatment (P<O·OOI) .
The means of the last 4 days for the eight rats on each treatment are compared in Table 1 so as to .exclude any effects due to possible adaptations. Urea excretion decreased significantly on HCI with a commensurate rise in ammonium excretion, so that total nitrogen excretion was unaltered.
The extra nitrogen in the urine after NH4CI administration was 101% of the administered ,dose. Of this 80·0% was in the form of ammonium and only 21·0% as urea. Administration of NaHC03 reduced urinary ammonium from its already low basal values without a detectable change in urea excretion.
Group 2
The effects of administration of NH4CI and NH 4HC0 3 on urea and ammonium excretion are summarized in Table 2 . The extra nitrogen in the urine after NH 4CI was 103·5% of administered dose. Urinary ammonium accounted for 88·0% and there was also a much smaller (15'5%) but significant increase in urea excretion. With NH4HC0 3 , only 78·0% was accounted for as urinary urea and ammonium. Ammonia excretion increased to a very small extent and the total amount of extra nitrogen recovered was mainly in the form of urea. Urea excretion was markedly increased on NH4HC03 administration compared with both the control rats (P < 0'001) and the NH4Cl group (P < 0-001).
Discussion
The results demonstrate that chronic acidosis induced by oral HCl in rats caused a highly significant fall in urea excretion, by 32·1%. Increasing the dose of HCl caused a progressive fall in urinary urea. Weight, diet and nitrogen intake were constant. The predicted rise in ammonium excretion was commensurate with the fall in urea on an equimolar basis. The sum of the two did not differ significantly from control values. NaHC0 3 reduced urinary ammonium from control values but did not affect urea excretion. Thus, in HCl acidosis, a significant quantity of the body's excess nitrogen, ordinarily converted into urea, is diverted to be excreted as ammonium without altering total nitrogen excretion. As pointed out above this does not itself result in H + excretion. Since urea production utilizes bicarbonate ions, however, an alternative hypothesis is possible. Quantitatively glutamine is the principal amino acid of the plasma. By transamination and deamination the nitrogen of many amino acids is transferred to glutamate to form glutamine. Glutamine is therefore essentially a transport form of ammonium. NH~--t+- e-Oxoglutarate Equation (1) Even were «-oxoglutarate re-incorporated into glutamate-glutamine, the metabolism of the carbon skeletons of the amino donors would ultimately give rise to the bicarbonate ions. Therefore, when amino nitrogen from neutral amino acids is converted into urea, each turn of the cycle results in the utilization of two bicarbonate ions and the subsequent production of two new ones. Acidosis reduces this bicarbonate-requiring hepatic mechanism for disposal of waste nitrogen.
Acidosis increased the renal extraction and metabolism of glutamine. The amino groups are eliminated in the urine as NHt. Unlike urea production, this mechanism of excretion of waste nitrogen does' not utilize HCO;. Nonetheless, as in urea production, c-oxoglutarate remains. Both processes, as demonstrated, result in the generation of two new bicarbonate ions. Therefore the effect of diverting waste nitrogen from urea excretion to ammonium excretion is a net gain of bicarbonate ions. These replenish the bicarbonate depleted by the initial acidosis and allow urea production to return to normal. In summary, when amino nitrogen, which is transported in the form of glutamine, is converted into urea in the liver, the overall equation (2) obtains.
In the liver the NH! derived from the amide group of glutamine is incorporated into carbamyl phosphate (Fig. 2) . Subsequent incorporation into the cycle of NH1 from aspartate is balanced by the NH! group from glutamate. Effectively, disposal of two NH! groups to form urea results in utilization or loss of two bicarbonate ions (Fig. 3) . Clearly therefore incorporation of ammonium ions per se into urea would cause acidosis, as in NH4CI administration. With glutamine, however, the carbon skeleton remains. The subsequent fate of this keto acid is of crucial importance. Because of its negative charges, either its subsequent oxidation or its conversion into neutral compounds such as glucose or lipid will generate two new bicarbonate ions (equation 1). Alternatively in acidosis, when amino nitrogen is excreted in the form of ammonium ions, the situation shown in equation (3) obtains.
COO-Na+
2(j-NH;) +3 O2 = 2 CO2 t +2 NH: +2(HCO;) COO-.
Equation (3)
The effects of NH4CI and NH4HC03 administration support this hypothesis. Administration of NH 4CI is the commonest method of inducing acidosis in man and experimental animals. The dose administered in this study is approximately equilvalent to 2 mol (100 g) ofNH 4CI per 70 kg man. It is usually assumed that ammonia forms urea and the remaining HCI causes acidosis. At physiological pH, however, NHt is incorporated into urea, utilizes HCO; and thereby causes acidosis. Of interest, therefore, is the marked difference in urinary urea and ammonium after the two ammonium salts. With NH4HC0 3 , only 78·0% of the increased dietary nitrogen is accounted for in the urine as ammonium and urea. This is possibly due to incomplete absorption. Most of it, 69% of the ingested dose, is accounted for by a highly significant increase in urea output. Although a statistically significant rise in ammonium excretion was observed, this was negligible biologically. In this situation bicarbonate utilization induced by enhanced urea formation is balanced by the bicarbonate ion in the salt. By contrast, after NH 4CI most of the administered dose is accounted for as urinary ammonium. Urinary urea increases but to a significantly smaller extent than with NH4HC0 3 • It would appear that when ammonium from NH4CI is converted into urea with resultant depletion of bicarbonate, the incorporation of amino nitrogen into urea is decreased. This is diverted via glutamine to urinary ammonium, as occurs with HCI, thus repleting the bicarbonate stores.
